Many studies report the relationship between coliform indicator bacteria levels and the overall quality of environmental water for public use. This study, an outgrowth of a long-term watermonitoring program within the upper Appomattox River (Virginia) watershed, employs a zebrafish model to examine the relationship between impaired stream water and aquatic vertebrate development. We report results that suggest an expansion of the indicator bacteria concept, showing a possible relationship between waters containing high levels of the indicator bacterium, Escherichia coli (E. coli), with developmental defects upon zebrafish embryos. These effects are not directly attributable to bacterial presence, as filtered test waters void of bacteria produce the same results in embryos, indicating these developmental defects are due to the presence of other toxins or contaminants. Fish embryos exposed to the test waters show reduced survivorship and altered brain and heart development. Furthermore, fish surviving to adulthood exhibit altered gonads and skewed sex ratios. We suggest that this broadly focused approach examining the complex interactions (biotic and abiotic) within raw water sources could be used in conjunction with traditional chemical assays and/or dose-response studies on vertebrate models for a more complete analysis of stream water quality conditions.
Introduction
Coliform bacteria, specifically Escherichia coli (E. coli), have been used as indicators of fecal contamination of waters since the late 19th Century, as Theodore Escherich (1885) associated presence of Bacillus coli (later E. coli) with the typhoid bacillus [1] . Since then, correlations between coliform presence in water and human enteric diseases related to public health risk (e.g., typhoid, cholera, dysentery, etc.) have been thoroughly examined [2] - [5] . The ability of these bacteria to predict human health risk has been supported by epidemiologic studies [6] [7] .
Indicators chosen for freshwaters have been comprised of coliform bacteria-a group of small, facultative, gram-negative bacilli-termed fecal indicator bacteria (FIB). Pathogenic agents (viruses, bacteria, protists, fungi, etc.) most often come from fecal sources [8] and are most commonly transmitted by water [9] . Sustained use of FIB as indicators of biological water quality persists due to: 1) presence in high numbers in animals (including humans) and feces; 2) being easier, less costly, and safer to analyze than individual pathogenic agents [10] ; and 3) the correlation with pathogenic presence in US waters [11] . More recently, the focus of freshwater analyses has been restricted to counts of E. coli as the standard metric of FIB related to public health risk in many states in the United States [12] .
Stormwater and other modes of land-based runoff contribute high levels of bacteria and chemicals into the aquatic environment as a result of drainage from the surrounding watershed in both urban and rural areas [13] [14] . A partial list of such contaminants to waterways includes solid particulates (sand, silt, clay, organics, trash, etc.), microbes (viruses, bacteria, fungi, etc.), and chemicals (nitrogen and phosphorus compounds, soluble organics, pesticides, hydrocarbons, and metal ions) [15] . Of the approximately 28% of assessed river and stream miles reported to the United States Environmental Protection Agency (US EPA), more than 51% reveal impairment due to either bacterial or chemical pollutants. Moreover, of the approximately 43% of lakes, ponds, and reservoirs assessed, more than 67% are labeled as impaired for one or more contaminants. A waterway is labeled as "impaired" if it is found to contain higher than the pre-determined threshold concentration of either indicator bacterium or contaminating chemical. The threshold concentration for FIB in freshwaters of Virginia is 238 E. coli/100 mL of water sample [16] .
Studies have shown FIB can withstand and thrive in waterways experiencing deteriorating environmental conditions. A recent report by Staley et al. [17] indicates that viability of FIB is not affected by three of the most common agricultural chemicals used in the US (atrazine, malathion, and chlorothalonil). Staley et al. [18] have also observed that some chemicals increase certain FIB as they negatively impact predation and competition from other microorganisms in the aquatic environment. Hence, because communities of FIB have the ability to survive under diverse environmental conditions, they could potentially serve as indicators of overall ecosystem condition.
With the release of treated wastewater into surface waters and the common use of urban and agricultural chemicals that enter the water environment as runoff, researching the effects of environmental toxicity on vertebrate development is a widening field of study [19] . Due to surface runoff, watersheds within areas of focused agricultural and human activity are at a higher risk of contamination [20] . Since these effluents can migrate into aquatic ecosystems via stormwater runoff and drainage, aquatic biota are affected by these contaminants [21] [22]. Therefore, the environment of natural surface waters may contain a variety of agents (e.g., pesticides, urban pollutants, industrial chemicals, fecal wastes, etc.), which impact developmental processes of the animals found there.
Although correlations between bacterial indicators of pollution and human disease agents have been observed for more than 10 decades, the connection between water pollution and toxicity to aquatic life is comparatively researched recently. During the last 40 years, the toxicological literature has reported the use of many eukaryotic models to assess toxicity including invertebrates such as Daphnia [23] [24] and nematodes [25] . More commonly, vertebrates such as zebrafish (Danio rerio) [26] [27], Japanese medaka (Oryzias latipes) [28] [29] , and amphibians [30] - [32] have been assayed in toxicological studies. In a majority of these reports, assays have been associated with a direct cause-effect or dose-response relationship using a single chemical treatment. Due to the complexity of runoff consisting of interactions between mixes of chemicals and associated microbes [13] [14] , studies examining the effects of raw water samples on test organisms should more accurately determine the composite effect of all influencing factors within the system. Moreover, to the best of our knowledge, no studies have correlated vertebrate toxicity with the FIB E. coli within the stream environment.
This study reports the effects of water quality on the development of aquatic vertebrates by using FIB concentrations as an indicator of toxicity. The sources of test water stem from watersheds in south central Virginia: the Appomattox River (APP), Green Creek (GRE), and Gross Creek (GRO). FIB counts from GRE and GRO, both tributaries of APP, are habitually above state-mandated threshold levels for contact waters, listing these streams as "impaired" for human recreational use. We utilized zebrafish to analyze if FIB could be used to indicate dangers to aquatic vertebrates living within these waters. Zebrafish, being small in size, having a short reproductive cycle, and producing large broods of transparent embryos, have become a powerful model organism to study environmental toxicology [33] - [36] . Due to this, zebrafish have been frequently used in eco-environmental monitoring and pollutant evaluations involving toxic heavy metals, endocrine disruptors, and organic pollutants [37] - [39] . In addition, Erbe et al. [40] found fish to be more sensitive as biomonitors of water pollutants than two other commonly used indicators (Daphnia magna and Vibrio fischeri).
This study presents data on the link between FIB concentrations in stream water on development and survivorship of zebrafish raised in the stream water. Significant differences in survivorship were observed between fish raised in impaired waters when compared to control groups. These waters also affected development of major organs such as the brain and heart. In long-term studies, surviving adults raised in impaired water sources had altered sex ratios and females had malformed gonads when compared to controls. In addition, when bacteria were removed from the impaired water samples, similar effects to survival and development were observed, indicating that it was not the FIB themselves that were the cause of these defects. From these data, it can be concluded that FIB can be used not only to assess human public health concerns, but also to indicate the health of aquatic vertebrates therein.
Materials and Methods

Determination of Sampling Locations
All test waters were obtained from one of three different natural stream sources within a 10-mile radius of Farmville, Virginia. These waterways were chosen as long-term comparisons of the three streams tested reveal a pattern of FIB concentrations whereby GRO > GRE > APP [41] . All three sampling locations are within the upper Appomattox River watershed, and all have been designated by the Virginia Department of Environmental Quality (VA DEQ) as "impaired" due to fecal coliform (E. coli) levels [42] . The threshold level of impairment for fecal coliform level is 238/100 mL for freshwater streams in Virginia. For two of the three sampling locations (APP and GRE), the predominant land use of the sub-watershed is agricultural (beef, dairy, poultry, row crops, and hay fields) interspersed with mixed hardwood forest and low housing density. The third sampling site, GRO, is within a suburban/urban watershed impacted both by agriculture and street runoff.
Sampling Protocol for Test Waters
Water samples were obtained according to published standards [12] from a bridge perch via a weighted, surface sterilized, tethered stainless steel cylinder holding a sterile 120 mL polystyrene clinical sample container (NCS Diagnostics, Etobicoke, Ont.) and lowered to mid-column into the deepest channel of the stream. All water samples were collected in separate containers, capped tightly, and submerged in ice for transport to the laboratory for assessment using Colilert ® defined substrates (IDEXX, Westbrook, ME) medium for enumeration of coliforms and E. coli. Samples were processed within one hour of collection. For quality assurance purposes, both sample duplicates and field duplicates were assessed to validate bacterial counts performed for each sampling location each time water samples were obtained. Physical parameters of temperature, pH, and dissolved oxygen for test waters at each of the sampling locations were also measured using a Hach Hydrolab probe with an MS 5 sonode with multiple sensors (Hach Hydromet, Loveland, CO). A one-way analysis of variance (ANOVA) was used to analyze temperature, pH, and dissolved oxygen collections between all samples sites during the course of our study.
Bacterial Analysis of Test Waters
All water samples were aseptically processed to assess coliform and E. coli concentrations using the Colilert Quanti-Tray 2000 ® envelopes (IDEXX, Westbrook, ME). A 25% test-sample dilution (25 mL test sample and 75 mL sterile, phosphate-buffered dilution water) was used for all bacterial assays, processed according to the directions of the manufacturer, and incubated at 44.5˚C ± 0.2˚C for 24 ± 2 hrs. For this study, only counts of E. coli were used. One sample blank was processed with each sampling date cohort to insure sterility of dilution water. After incubating, wells showing chromogenic response (yellow) and fluorescing under long UV (365 nm) illumination were counted positive for E. coli. All counts were performed using a most probable number (MPN)-based system with quantification range between <1 and 9676 cells per 100 mL when using a 25-mL sample dilution. For each sample date, aliquots of randomly selected Quanti-Tray wells testing positive for E. coli were confirmed through lactose fermentation (EC broth, BDL, Sparks, MD) and IMViC response (broth/ agar media, DIFCO Labs, Detroit, MI). Using IMViC testing accompanied by the elevated temperature (44.5˚C) of incubation was used to enhance the confirmation of E. coli [4] . All wells presumed to contain E. coli were confirmed as positive. Buckalew et al. [41] reported there was no need for confirmatory testing of E. coli when using Colilert media. Colilert test results were recorded as number of E. coli per 100 mL for all water samples obtained.
Membrane Filtration of Water Samples
For the tests that used filtered water, water samples were filtered using a TPP (Techno Plastic Products, Switzerland) rapid 500 vacuum filtration (0.22 µm pore size) to eliminate all bacteria. Aliquots of the filtrates were checked for presence of coliform bacteria and E. coli using the Colilert system (as described above). All aliquots of the filtered water tested negative for coliforms and E. coli.
Zebrafish Maintenance and Water Treatments
Each time test-water samples were collected to analyze for FIB levels, portions of these samples were also used for zebrafish studies. Oregon AB* wildtype zebrafish genetic lines were used for all experiments. Prior to embryo incubation, the test waters were quickly pre-warmed to 27.5˚C -28.5˚C. Following spawning, fertilized embryos at the two-cell stage were placed in petri dishes containing 100 mL of test water. During incubation, all water samples containing embryos were kept at 28.5˚C until analyzed. Embryos were maintained within the test water until analysis unless otherwise stated. During incubation periods, all water samples were kept between 27.5˚C -28.5˚C. Control embryos (wildtype) were kept in petri dishes containing a sample of de-ionized water that had been cycled through a zebrafish ZTT350 Stand Alone Tabletop Rack using multi-phase filtration (Aquaneering Inc., San Diego, CA), including a: 1) Dacron pad particulate filter, 2) fluidized bed biological filter, 3) carbon filter, and 4) UV (200 -280 nm) sterilizer lamp. Zebrafish embryos and adults were kept at a constant 27.5˚C -28.5˚C and standard light cycle of 14 hours of light and 10 hours of dark. All experiments using zebrafish embryos or adults were conducted according to the National Institute of Health Guide for the Care and Use of Laboratory Animals and the Longwood University Animal Care and Use Committee approved all protocols.
Zebrafish Survivorship Analysis
Zebrafish embryos at the two-cell stage were raised in separate test-water samples and analyzed at 12, 36, and 60 hours post-fertilization (hpf). As a control, other zebrafish embryos were raised in multi-phase filtered aquarium water and analyzed similarly to the test groups. Dead embryos from each treatment group, including controls, were counted and removed at each time point to record a survivorship ratio. Experimental trials were repeated multiple times to increase N values and validate test results. A two-sample equal variance t-test using a two-tailed distribution was applied to analyze the survivorship of controls compared to each test-water sample at 60hpf. In addition, an exponential regression model was used to derive the Median Lethal Time value (LT50) for zebrafish embryos raised in each of the water samples.
Zebrafish in Situ Hybridizations
In situ hybridizations were performed to visualize the developmental morphology of key organs at each time point (24 and 52 hpf) to assess for defects. In situ hybridizations were performed as described by Kudoh et al. [43] . The following antisense riboprobes were generated in this study: fgf8 (fibroblast growth factor 8; [44] ) and vmhc (ventricular myosin heavy chain; [45] ) to examine brain and heart RNA expression, respectively.
Zebrafish Female Gonad Dissections
Females of control embryos and test embryos (exposed to test waters for 60 dpf) were raised to 150 dpf in multi-phase filtered aquarium water and were selected at random. Total dry body mass was taken prior to gonad removal. Gonads were then removed according to Gupta and Mullins [46] . Once obtained, gonads were massed to obtain a gonadosomatic index (GSI; %) comparing gonad size in relation to body mass using the following equation:
( ) GSI gonadal weight body weight 100 = * .
A two-sample equal variance t-test using a two-tailed distribution was applied to analyze the data for statistical significance.
Zebrafish Sex Ratios
To obtain sex ratios, AB* zebrafish embryos were raised in test water in a 0.5 L tank with adequate aeration and a constant temperature (27.5˚C -28.5˚C) from the two-cell stage until 60 days post-fertilization (dpf), at which point sexual differentiation is typically complete. To control for evaporation during the 60 day incubation, multi-phase filtered aquarium water was added as needed to maintain the 0.5 L volume in the test tanks. All surviving embryos were removed from the test water and raised in standard multi-phase filtered aquarium water until 150 dpf, when the zebrafish were visually sexed based on 1) the general body shape, and 2) cloacal protrusion in females [47] . During sexing, the fish were unstressed and kept in water. Those individuals with unclear sex based on the visual criteria were not included in the calculations for sex ratios. The total number of individuals with unclear sex within a test group never exceeded 5%. The control group was raised only in multi-phase filtered aquarium water for the duration of the study. A chi-square (χ 2 ) goodness of fit on a two-way table was applied to analyze the sex ratio data for statistical significance.
Results
FIB Concentrations of Test-Water Sources Were at or Above the Impairment Threshold for the State of Virginia
As part of an ongoing collaboration with the VA DEQ, the main artery and tributaries of the upper Appomattox River watershed have been assessed and recorded by Longwood University for the past 15 years. Sample locations with GPS coordinates are presented in Table 1 . Sites selected for test waters were chosen due to their histories of bacterial impairment. With each collection of test water, assays for FIB concentrations were simultaneously determined from each of the following sources: APP, GRE, and GRO. Although all three streams reveal high E. coli levels, the three stream sources generally reveal a gradation of quality relative to concentration of FIB in the following sequence: APP < GRE < GRO (Figures 1(a)-(c) ). Test-water samples from the APP source measured overall lower levels of FIB, with two-thirds of the samples (10/15 samplings) at or below the impairment threshold (238 E. coli/100 mL), however, other APP samplings measured significantly higher ( Figure  1(a) ). Bacterial assays indicated FIB levels above the Virginia state-approved threshold of impairment for a majority of samplings from both GRE (11/14 samplings) and GRO (14/15 samplings; Figure 1 (b) and Figure 1(c) ), and in some cases, levels were measured as high as ten times the threshold. Although bacterial counts between our sample sites were highly variable, it is necessary to also examine physical parameters of each sample site to determine other possible effects upon the overall ecosystem health. During the time course of our study, temperature, pH, and dissolved oxygen were also measured ( Table 2) . Using a one-way analysis of variance (ANOVA) to evaluate the data, we found no significant difference in temperature, pH, or dissolved oxygen between our three sample sites. Thus, any alterations found within the development of aquatic vertebrates between the water sources in our study cannot be attributed to these physical characteristics. 
Survivorship of Aquatic Vertebrates Was Reduced when Raised in Impaired Waters
Survivorship values were recorded and averaged for multiple trials performed during a two-year period ( Figure  2(a) ). Survivorship of zebrafish embryos was calculated at 12, 36, and 60 hpf. Typically, by 60 hpf most internal organs are formed and functional within the zebrafish embryo [48] , hence our period of observation for survivorship included most critical stages during development. Embryo survival was reduced in all raw test-water samples by 12 hpf, becoming more pronounced over time (Figure 2(a) ). The survivorship in all raw test waters at 60 hpf was significantly lower than in controls (p < 0.005 when comparing each test-water sample to the control), culminating in the lowest survivorship (67%) in GRO at 60 hpf. Furthermore, in raw test waters where FIB levels were highest, the survivorship of zebrafish embryos were lowest (compare Figures 1(a)-(c) and Figure  2(a) ). An exponential regression model was used to derive the Median Lethal Time value (LT50) for zebrafish embryos raised in each of the water samples. Consistent with the trend of the survivorship curves, the LT50 of embryos raised in GRE was the lowest of all water samples (4.3 days); being almost 8 times lower than CONT (31.0 days). The LT50 of embryos raised in APP and GRE was also much less when compared to CONT (9.6 and 7.3 days, respectively). Survivorship was also calculated and compared after raising embryos in test waters filtered to remove bacteria (Figure 2(b) ). Similar to survivorship results from studies conducted using raw (unfiltered) test waters, zebrafish embryos raised in filtered test water had reduced survivorship at all time points assessed and were significantly lower than controls at 60 hpf (p < 0.05 or 0.005 depending upon water source). Again, filtered test waters originally containing the highest FIB levels resulted in the lowest survivorship of zebrafish embryos (compare Figures 1(a)-(c) and Figure 2(b) ). Again, an exponential regression model was used to derive the LT50 for zebrafish embryos raised in each of the filtered water samples. Consistent with the trend of the survivorship curves and similar to the results found within the raw water samples, the LT50 of embryos raised in filtered GRE was the lowest of all water samples (3.8 days); being almost 8 times lower than CONT (28.0 days). The LT50 of embryos raised in APP and GRE was also much less when compared to CONT (9.3 and 4.0 days, respectively). These data suggest that bacteria did not appear to have a detrimental effect on embryo survival; however other contaminants within these test waters were decreasing survivorship. Thus, the bacterial levels can act as an indicator of decreased survivorship, but not the cause of the decreased survivorship.
Organ Development Was Altered in Zebrafish Embryos Raised in Impaired Water Sources
Due to decreased survivorship of embryos raised in impaired waters, organ development within embryos was examined to determine proper formation of crucial organs: the brain and heart. Fibroblast growth factor 8 (fgf8) was used as a marker to ascertain proper brain development within the mid-hindbrain boundary (MHB; [44] [49]). When performing in situ hybridizations, each embryo in every treatment was stained for the same length Figure 1 . Counts of E. coli (#/100 mL) among sampling locations for each sampling date across the 24 months of this study established the overall health of the water source. E. coli concentrations assessed from samples revealed a gradation of water quality relative to concentration of FIB, where the Appomattox River (APP) is the least impaired (a), followed by Green Creek (GRE) (b), and Gross Creek (GRO) being the most impaired (c). The dotted red line indicates the Virginia state-mandated threshold of impairment (238 E. coli/100 mL).
Figure 2.
Survivorship of zebrafish embryos was reduced in embryos raised in test water when compared to controls. (a) Embryos raised in raw (unfiltered) water samples indicated significantly decreased survivorship at 60hpf when compared to controls, where decreases in survivorship correspond to increased FIB levels within test waters. These curves were used to generate an exponential regression model to derive the LT50 for embryos raised in each of the water samples (CONT = 31.0 days; APP = 9.6 days; GRE = 7.3 days; GRO = 4.3 days). (b) Survivorship rates in filtered water (without bacteria) show similar outcomes as raw samples. These curves were used to generate an exponential regression model to derive the LT50 for embryos raised in each of the water samples (CONT = 28.0 days; APP = 9.3 days; GRE = 4.0 days; GRO = 3.8 days). An asterisk indicates p < 0.05 when comparing test water to control. A double asterisk indicates p < 0.005 when comparing test water to control.
of time to accurately examine and compare expression levels between samples. In situ hybridizations of zebrafish embryos exposed to impaired test waters showed reduced expression of fgf8 when compared to controls at 24 hpf (Figure 3) . The fgf8 expression is mildly reduced in embryos raised in APP and GRE (Figures 3(a)-(c) ), N. Carrara et al.
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Figure 3. Raising embryos in impaired test waters caused alterations in brain development. (a)-(h)
Lateral views of embryos treated in contorl waters (CONT) and in waters from a specific test site (APP, GRE, or GRO). Expression of an MHB marker, fgf8, is slightly reduced in embryos rasied in water from APP and GRE and is more dramatically reduced in embryos raised in water from GRO (a)-(d). Similar results within the MHB were obtained when test waters were filtered prior to incubation with fish embryos (e)-(h). (i) Graph depicting the phenotypic effects of test water on expression of an MHB marker. Numbers above each bar indicate sample size. Scale bar indicates 250 μm.
while a dramatic reduction of fgf8 is observed in embryos raised in GRO (Figure 3(a) and Figure 3(d) ). Furthermore, the percentage of embryos displaying this reduced expression is greater in embryos raised in more impaired water sources (GRO) when compared to embryos raised in control or less impaired waters (APP or GRE; Figure 3(i) ). These data supported our survivorship analysis (Figure 2) , where embryos that had the lowest survivorship also have the most severe reduction in brain markers in the highest frequencies (Figures  3(a)-(d); Figure 3(i) ). Test waters filtered to remove bacteria were then used in embryo incubations, and similar results were obtained as were seen in raw unfiltered test waters (Figures 3(a) 
-(d) and Figures 3(e)-(h); Figure 3(i)).
Since similar results are seen after filtering water samples, these experiments suggest that bacterial presence did not appear to influence organ development. Defects in the formation of a second major organ, the heart, were also observed in embryos raised in impaired waters. Specifically in this study, proper heart looping was analyzed. Normally, between 24 and 48 hpf the once linear zebrafish heart tube will bend between the ventricle and the atrium to form an S-shaped loop [50] [51] . This developmental event occurs later than MHB formation (24 hpf), which allows an analysis of major organ formation both at earlier and later stages during embryonic development within our study. Expression of ventricular myosin heavy chain (vmhc), a cardiac differentiation marker found in the ventricular tissue of the zebrafish heart, was used to determine proper heart looping [45] . Embryos were raised in test waters and hearts were examined at 52 hpf. In situ hybridizations of zebrafish embryos exposed to impaired test waters showed altered expression of vmhc when compared to controls (Figure 4) . Heart looping is mildly altered in embryos raised in APP, resulting in a less looped heart (Figure 4(a) and Figure 4(b) ), while more severe looping defects can be observed in embryos raised in GRE or GRO, resulting in no looping or reversed looping of the heart (Figures  4(a)-(d)) . Furthermore, the percentage of embryos displaying altered heart looping and the variety of looping defects are greater in embryos raised in more impaired water sources (GRE and GRO) when compared to embryos raised in control or less impaired waters (APP; Figure 4(i) ). These data supported our survivorship analysis (Figure 2(a) ) where embryos that had the lowest survivorship also have the highest severity and variation of heart looping defects and in the highest frequencies (Figure 4(i) ). Interestingly, embryos raised in filtered test Figure 4 . Raising embryos in impaired test waters caused alterations in heart development. (a)-(h) Embryos were treated in control waters (CONT) or waters from a specific test site (APP, GRE, or GRO). Expression of a ventricular marker, vmhc, indicated typical heart looping in CONT (a), whereas APP displayed minor alterations (b) and GRE and GRO displayed drastic alterations within heart looping (c) (d). Similar results on heart looping were obtained when test waters were filtered prior to incubation with fish embryos (e)-(h). waters without bacteria exhibited similar defects, suggesting indicator bacterial levels can be related to overall health and proper development of aquatic vertebrates, although the FIB were not the actual cause of these deformities (Figures 4(e)-(h); Figure 4(i) ). Of note, although vmhc expression was being used to observe heart looping, other heart defects can also be seen in impaired water sources, such as an enlargement of the ventricle (Figure 4(h) ). Furthermore, although FIB concentrations within each sample location fluctuated over the course of our study, all our zebrafish in situ results (fgf8 and vmhc) represent grouped data analyzed across the entire duration of the experiment (May 2012-June 2014). This provides an overall analysis of the effect of water quality upon vertebrate development during a long time scale, as opposed to one specific water collection.
Adult Zebrafish Raised in Impaired Water Sources also Exhibit Defects, Specifically in Gonads
Although reduced survivorship and developmental defects were observed in embryos raised in impaired waters (Figures 2-4) , we next investigated persistence of defects within adults that were incubated in test waters as embryos. Initial observations indicated embryos raised in impaired waters for 60 dpf that survived to adulthood (150 dpf) exhibited lower reproduction rates and fewer embryos per clutch (data not shown). To further analyze lower reproductive rate, the gonads of adults were examined. Embryos were treated in test waters from the two-cell stage until 60 dpf, at which time they were transferred to multi-phase filtered water. Once fish were 150 dpf, GSI (gonadosomatic indices) were used to assess the gross morphology of the reproductive organs in adults raised in the most impaired test water source (GRO) and compared to controls. Although no significant difference was observed within the gonads of males, the GSI revealed the gonads of females raised in GRO were significantly larger, almost double in size, than that of controls ( Figure 5) . Importantly, when calculating the GSI, alterations in total dry body weight is taken into account, so the large disparity in size of the female gonads is not due to the potential of any individual female being generally larger in size overall. These data indicated that although embryos were only treated within test-water sources during early development (until 60 dpf), development defects, specifically within the gonads of adult females, persisted through adulthood (150 dpf) in these organisms.
Sex Ratios in Adults Raised in Impaired Waters Are Skewed when Compared to Controls
Given the drastic differences in gross morphology that were observed in female gonads in the most impaired water source (GRO), we next investigated the sex ratios of adults who, as embryos, were raised in impaired water sources. Recently, several studies have examined sexual differentiation and ratios in fish [52] [53]. Many of these findings point toward the presence of endocrine-disrupting chemicals (EDCs) released into the aquatic environment as a major component of disturbing the typical sexual differentiation and ratios within fish. Since our Figure 5 . Gonadosomatic Index (GSI) of females at 150 dpf that were incubated in GRO earlier during development contained gonads that were significantly larger, more than double in size, when compared to control adults (n = 9 for both control and GRO). An asterisk indicates p < 0.005 when comparing GRO with GSI to control GSI. current experiments use FIB levels to signify several types of contamination within our test-water sources, examining sex ratios within our water sources would further reveal defects potentially caused by such impurities within these waters. Zebrafish were raised from the two-cell stage through 60 dpf within test-water sources (raw and filtered) or within multi-phase filtered water as a control. After 60 dpf, all embryos were placed in multi-phase filtered water until 150 dpf, when adults were then visually analyzed to determine sex. Sex ratios of zebrafish raised in impaired water (both raw and filtered) had altered proportions of females compared to those raised in the control water (Figure 6) . Further analysis using a chi-square goodness of fit on a two-way table indicated a significant difference of the proportion of females between water samples both in raw (p = 0.046) and filtered (p = 0.0005) samples. Important to note, there is not a significant difference in females when comparing raw samples to filtered samples (p = 0.8587 using a chi-square goodness of fit on a two-way table). These data indicated that contaminants (excluding bacteria) in test waters have the potential to alter sex ratios of fish within these waters. Taken together, the data within this study indicate FIB levels can be an indicator of aquatic vertebrate health, although the FIB levels do not directly effect zebrafish development and survivorship.
Discussion
This report represents the first study to examine a relationship between concentrations of the indicator bacterium E. coli (which has traditionally been used for predicting public health hazards) and ecosystem risk using a common aquatic vertebrate model. By raising teleost fish in impaired water sources, we have observed that survivorship is reduced and brain and heart formation is altered. Although these negative impacts do not appear to be attributed to increased bacterial levels within the water, they do suggest that FIB levels can be used to indicate the presence of substances harmful to aquatic life. In addition, when the fish reached adulthood, sex ratios were altered toward females, and among these females, the overall gonad size was drastically affected. In sum, within these freshwater streams, the level of FIB may be linked to the health and proper development of aquatic organisms. We suspect parallel conclusions can be drawn when examining other impaired water sources impacted similarly. Figure 6 . Sex ratios of zebrafish adults at 150 dpf are significantly different when raised as embryos in test waters compared to control waters. Zebrafish adults raised as embryos until 60 dpf in test waters (from raw or filtered samples) showed signficant sex ratio differences when compared to embryos raised in control raw water samples (p = 0.046 between embryos raised in raw water samples; p = 0.0005 between embryos raised in filtered water samples using a chi-square test on a two-way table). An asterisk indicates p < 0.05; a double asterisk indicates p = 0.0005.
Using FIB to Assess Ecosystem Condition
The concept of using microbial indicators for ecosystem assessment is an emergent field of study, but the idea is not new. Antibus and Linkins [54] were among the first to suggest that microbes (fungi) be used as biological markers to assess the effects of air pollutants on soils. Adamus [55] suggested specific microbes be used as indicators of wetland health, and more recently, Sims et al. [56] reported development and utility of key bacterial assemblages as indicators of wetland status due to their importance in wetland functions, including nutrient transformations. In addition, data by Paerl et al. [57] suggested that microbial indicators might detect and characterize impacts of environmental stress in aquatic systems. Moreover, US EPA [58] reported that microbial indicators tracked over time mirror trends in the condition of the aquatic ecosystem. Therefore, microbial indicators are beginning to be considered as gauges to reveal stress on the biota within a given aquatic system and overall ecosystem status. It is important to note, however, that some forms of contaminants (i.e. heavy metals, acid mine drainage, or inorganic industrial pollutants) may preclude microbial growth. Hence using FIB to assess overall ecosystem health may not be valid in all aquatic environments.
Observed Phenotypic Outcomes in Direct Toxicological Studies Parallel Those Found in Our Raw Water Samples
Our study shows a relationship between concentrations of a microbial indicator used for predicting public health risk and alterations in fish development. Although determining the specific environmental causes of developmental defects was beyond the scope of this study, phenotypic comparisons between zebrafish embryos in our study and organisms used in direct cause-effect toxicological studies present an exciting and attractive method for ecosystem analysis. Furthermore, for FIB to be an accurate indicator of ecosystem conditions due to contaminants, phenotypes in our test fish should resemble phenotypes observed in traditional toxicological studies. Study sites assessed in this report are impacted by runoff from agricultural, residential, and urbanized areas, which potentially introduce a mix of contaminants ranging from human and pet wastes, heavy metals, home pesticides, pharmaceuticals, personal care products, agrochemicals, and others. For FIBs to be a valid indicator of ecosystem risk, phenotypes examined in our study should support direct toxicological studies produced by common contaminants in the types of waterways being examined. For example, recent direct analyses examining toxic effects using fish embryos, including Oryzias latipes (medaka) and Cyprinus carpio (common carp) resulted in reduced larval viability in addition to deleterious effects upon reproductive glands when treated with synthetic pyrethroids or carbamates, common organic compounds found in pesticides [29] [59]- [61] . We suggest the resulting phenotypes of malformed brain and heart in these studies relates to decreased survivorship found in our zebrafish experiments (Figure 2 ). In addition, previous studies have indicated the effects of pesticides on organ development, specifically the heart, in zebrafish/medaka [62] - [64] , Rana perezi, and Xenopus laevis (Iberian waterfrog and African clawed frog, respectively) [65] [66] . Again, similar phenotypes were observed in our studies within zebrafish embryos (Figure 4) , indicating that heightened FIB levels may reveal the presence of other substances shown to cause developmental defects in fish and other freshwater aquatic organisms.
Other potential sources of contamination within the water sources of our study include pharmaceuticals, personal hygiene products, and agricultural and personal hormone treatments. Aquatic organisms exposed to these types of EDCs display phenotypes produced by exposure to natural estrogens (xenoestrogens) [67] - [69] . For example, in direct toxicity experiments, xenoestrogens have been shown to effect fish gonadal size [70] - [72] and maturation [73] . Furthermore, perfluorinated compounds (PFCs), chemicals widely used in lubricants and polymers, have been shown to alter sex ratios in the offspring of zebrafish exposed to PFCs [74] . In addition to analogous embryonic phenotypes observed between our raw water treatments and previous direct cause-effect studies, similar perpetuating adult phenotypes, such as skewed sex ratios and alterations in gonadal gross morphology are noted as well ( Figure 5 and Figure 6 ).
Since raw water samples were used in our experiments, our study indicates a promising correlation among contaminants commonly found within watersheds similar to those in our study, FIB presence, and general stream water-quality condition. It is interesting to note, the gradation in severity of effects positively correlates to water sources that may contain the largest variety of contaminants, from both agricultural and suburban/urban areas (GRO site). Importantly, although FIB were used as an indicator of a stressed environment in our experiments, these bacteria did not play a role in the phenotypes observed, since removal of the bacteria led to similar phenotypes observed in zebrafish raised in raw (unfiltered) samples. Based on these results, we suggest that FIB could be used to indicate a variety of contaminants within waterways and thus serve as an indirect "gauge" of ecosystem health.
Advantages of Using Raw Water Samples
The use of raw water samples offers an exciting opportunity to study combinatorial effects of different molecules acting together to influence vertebrate development. The collective effect may not have been produced in studies using one specific chemical to examine a direct cause-effect or dose-response relationship. Most importantly, this study indicates the use of FIB levels as a general and easy way to assess ecosystem risk within the natural environment.
This new approach may provide a broad analysis of ecosystem risk, but also be potentially used to indicate a stressed environment for aquatic vertebrates. The effect of water quality on aquatic organisms is a complex relationship of impacts involving a mixture of many different types of contaminants. Using FIB levels to access ecosystem health due to surface runoff (point and non-point contamination) allows a general analysis of possible contaminants at one time, providing a general indication of other factors impacting aquatic life. Although direct dose-response experiments indicate exact effects caused by a specific contaminant, too many contaminants exist within waterways to practically monitor for each one or, furthermore, determine combinatorial effects between multiple contaminants. Measuring ecosystem health using FIB is not only a cost-effective, quick, and easy option to assess waterways in a timely manner, but also FIB analysis used by environmental scientists and watershed managers could serve to identify areas where more specific monitoring is needed. Furthermore, FIB are able to exist in the presence of pollutants [17] that have the potential to kill more sensitive organisms, making FIB a potentially useful and universal metric for ecosystem risk within freshwater environments.
Conclusions
This study presents an expansion of the use of indicator bacteria to describe water quality. Historically, levels of FIB within waterways were used to monitor and address concerns for human health and recreation. Our experiments support a novel use for FIB, as we have identified a relationship between FIB levels and aquatic vertebrate health. Within the upper Appomattox River watershed, we have shown that high levels of the indicator bacterium E. coli may be used to predict overall ecosystem health. Embryos raised in these waters have reduced survivorship and malformations in key organs, such as the brain and heart. Embryos surviving to adulthood revealed altered gonads and skewed sex ratios. Interestingly, these phenotypes increased in severity and frequency in embryos exposed to waters measuring chronically higher levels of FIB. These effects, however, were not directly attributable to bacterial presence, as filtered test waters void of bacteria produced similar results. Based on a comparison of phenotypes observed in previous studies, similarities can be made between phenotypes within our study and those seen when examining the effects of specific contaminants on organism development. Due to the location of the waterways being examined in our experiment, it is possible that these effectors could be contributing to the phenotypes we have observed.
We suggest that this more broadly focused approach of using FIB to examine the complex interactions within raw water sources could be used in conjunction with traditional chemical assays and/or dose-response studies on vertebrate models to provide a more complete analysis of stream water quality and its suitability to support fish communities. This straightforward and rapid assay may be of benefit to environmental scientists, watershed managers, and those involved with toxicological research to provide a general snapshot of the overall condition of the stream to support aquatic life.
